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An aluminium nitride light-emitting diode with a 
wavelength of 210 nanometres 
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Comp«a hAghrftf&mncf ultriviolei totid-scaLle light sources'— 
such as Ught-cmiifing diodes (LEPs) and Usee diodes— wre of 
considerable technological Iniercsc «s alttfiiauves to luge^ taxiCi 
iow-«fiEicicnc)r gas i^iscjEs dad mcreiivy limpa. MicrocUetroaic 
fflbxlcaiiaB Technologies and the enViDonmeiUal ideacfil bodi 
reqaire light lources with shorter emi^idn wrdenglhss the 
fp nner for improved revolution in photolf thogVHpby and the latter 
for season that con detect mlAQBC hBXMXdoUt p4Xtic|c0. Jxi 
addition, ultraviolet 9olsd-6tate light Aoajcces en also etmaing 
eitentioA for pocenrial appticadons in high-density optical data 
storage, biQmcdical research, waiar and purUI«AUom and 
ffteriUzation. Wide-bandgap materials^ such as diamond^ and 
m-v niuide semiconductors (GaN, AlGaK and AIN; reft 3-10), 
are pot6nii4 materials far ukraviolev LBD^ end Wer diodes, but 
suffer from difficulties in controlling electrical conduction. Here 
wc report the«ucas«ful control of both tt-ty^e ondp-xype doping 
in aluminiuni nitride (AlN). which has a very wide direct band- 
gap" of 6 <V. This doping strategy allows ns to develop an AiN PIN 
(pirype/inurmaic^n-fypc) homojonction l£D vith an emission 
wavelength of 210 nm» which is the shortest reported to dai« £ar 
any fcind of LED. The cxniwion is altxibuted to an escciton 
transinon. and r^resents an important step towards echieviog 
excitoA-rcUted ligKfc-<^irting devjees 9i weQ as replacing gas light 
sources \fiih $oljd-9tAce light fioorcca. 

Recehdy; ve b4ve acibieved a-type conduction in Si-dopcd AIN 
(rcfe 12, 13). rn chc pre*cw worK byrtducing ih« dii^lo cation density 
and finely coniroUing the Si doping Ic^id. we ur^^ ^bU W boo « the 
Toow-umperature electron mobility. We examined (by H all-effect 
meaiwre/n^ht) ihc wmp4rtlUre dependenee of die dicccron concen- 
tration (n) and electron mobility (/* J forn^typc Si-doped AiN »Wth a 
Si doping concentration of 3.5 X I0*^cm . At 300 X. the elec^roo 
concentration 7.3 X 10** cm"*. The electron mobility we* 
426 cm V s~ , vtuch i5 the inghest reported tp d^cc in n^type 
AiN and 9ttEst$ to the high quaUcy of the AW. As the temperature 
increased, the electron concenfration increased dcpoaeno'ally and 
saturated at higher tcmpcratucos (Pig. la). The temperature depen- 
dence of electroa concentration fitted by chfi leasi-^uares 
method, assuming the charge neutrality equation for n-type scroi- 
conduaor with a shallow donor sad a deep compensating acceptor**. 
The best-fit v^ues are donor concentTition « 3.0 X lO^^cta'^ 
acc£ptor conceniraiion = 2.6 X lo'^cm"^ and donor ionizaUon 
energy JFip = 282 meV, The donor conccnaaiion agreed vdl vidi die 
Si doping concentration) indicating that ehnost d\ Si atoAs act 
donor; in AJUJ4. The compensation ratio S/Ji^z> ^bout 0.1. On 
ihc other hand, the electron rooblliry increased mdnaxonically as 
tcmpccacurc deaeajcd (fig. lb). At 220 JC the election mobUity 
reached 730cm^ s"'. In calculating mobilicv, ^e took into 
account scAlcerixig by neutral inipuritics, iow'zed impuritiej, polar 
opcical phononsj acoustic deformatioa pot^tialk and piezoelectric 
potential". Wc assumed MaithiesooTs rule, aiod used the b«t-iit 



-values of Nd» iV^ and £i> and the material parameters in ref. 13, 
The calculated electron mobility (solid line) agreed vtry wdl wxtib dxc 
qtcanircd ojoc- For n-type AlN ^th a higher dido cation density, the 
isea5ured deetron Aobuiiy was much smaller chaa the calculated one 
owing to the iniiuence of scattering caused by charged dislocadoDS*'* 
or unidaatificd didocation-relatcd defi^ts. Thus, the agreement 
indicates ^t the quality of di« n*cype AlN layer is hi^ 

success in adifeving n-^rpe conductioa, «vc lumcd our 
attention to p-type conduction and found that Mg dopitig produced 
p-type aIN. The p-typc cosiduction in Mg-doped AiN 
at Mg dopiiQ GonceatratSons bcdow 2 X lo^qna*"^. Vhen the Mg 
doping c^uoenuaiian eaoceeded an Upper limit of 2 x lo*** cm"*, the 
Mg-doped AiN becarae highly resistive. This is sinlkr xo the 
tendency observed in iv-eype Si-dop«d AlN (rej^ 12), and pnibaWy 
tt^ts fxom t sd^compcnntlon effkr of Mg in p-type AIN. Thi) 
hidlcates chac control of the Mg doping concentration ii impoxtant 
ibr obtaining p-typc coitducsiaii. In addition, tha as-grown Mg- 
doped AlN was highly resistive, and became p-type conductive aft« 
thermal annealing in ^ ''C for 10 mn. For the highly reds^^ 
as-grown Mg-doped AlN, diie H concentimdon was In the ^ame range 
as the Mg concentration, and after annealing the H cona^uracion 
decreased. This means titat. in the a^grown AiN. H passivated Mg 
dopant, but after annealing H was desorbed and Me was activated} as 
in GaN (re£ 15). 

Wc tneasured the temperature dependoic^ of hole concentration 
(p> and hole mobifity (op) for Mg-dopcd AlN with a Mg doping 
concentration of 2 X JO^'^cm"'. We dearly confLcmcd p-type con- 
duction from the polarity of the Hall voltage; although there is some 
scattering of measured values because of the high reriscivity (low 
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n«iire 1 1 Seevkai characiaristScs of a-^e Si-dop^d AiN. a. The 
tetnpenture depatldcDCB of elccCran cononlialion. The solid line showr the 
kuMquam fix. assumlns Oic charge neutrality cqoatien with a ahallev 
donor and a deep compensating ao(»apton Thcbcsi-iili parancierj arc dkowa. 
bj The tempenttu'e dependent of dcctron mobility. Ine solid line sh ov? the 
ca(cidat«4 mobility, coAfidering specific acaUerins raecbaaisnis (see (eat). 
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